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Abstract 
To facilitate the use of hydrogen in integrated gasification combined-cycle applications, hydrogen-from-coal 
technologies capable of managing carbon will be needed. Many technologies are under development for the 
separation of hydrogen from coal-derived syngas. Among the most promising are hydrogen separation membranes. 
The Energy & Environmental Research Center (EERC), together with the U.S. Department of Energy National 
Energy Technology Laboratory and the state of Wyoming, completed a project evaluating the performance of 
hydrogen separation membranes on coal-derived syngas. EERC small pilot-scale gasifiers were used to produce the 
syngas, and solid sorbents were used for warm-gas cleanup and water–gas shift. 
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There is ever-growing interest in utilizing hydrogen as a fuel in integrated gasification combined-cycle 
(IGCC) applications because of the potential for higher efficiency and near-zero emissions. In order to 
facilitate the use of hydrogen in IGCC applications, hydrogen-from-coal technologies that are capable of 
managing carbon will be needed. Many technologies are under development for the separation of 
hydrogen and CO2 from coal-derived syngas, and among the most promising are hydrogen separation 
membranes. Studies indicate a significant IGCC plant efficiency increase can be realized if warm-gas 
cleanup and hydrogen separation membranes are used in the place of conventional technologies [1, 2]. 
These membranes provide the potential to produce hydrogen while simultaneously separating CO2 at 
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system pressure [3, 4]. Membrane development to date has primarily occurred on bottle-derived syngas, 
and the impact of coal-derived impurities is largely unknown. Gasification syngas typically has many 
impurities that, if not removed, will poison most hydrogen separation materials (5). In order to 
commercialize this promising technology, scale-up to bench- and pilot-scale gasifiers is required so that 
the impact of impurities can be evaluated.  
 
The Energy & Environmental Research Center (EERC), together with the U.S. Department of Energy 
(DOE) National Energy Technology Laboratory and the state of Wyoming, has completed a project to 
evaluate the performance of hydrogen separation membranes on coal-derived syngas. EERC small pilot-
scale gasifiers were used to produce the syngas, and solid sorbents were used for warm-gas cleanup and 
water–gas shift (WGS). Three hydrogen separation membranes were exposed to coal-derived syngas for 
several hundred hours. This paper details the results of the gasification, warm-gas cleanup, and membrane 
tests. An economic analysis is also presented that provides insights into the potential economic 
advantages of hydrogen separation membranes over conventional low-temperature technologies. 
 
2. Experimental 
Three hydrogen separation membranes were exposed to coal-derived syngas for a total of 831 
membrane hours of exposure time. The syngas was produced from a Powder River Basin coal from the 
Antelope Mine in Wyoming using the small pilot-scale fluid-bed gasifier (FBG) and entrained-flow 
gasifier (EFG) at the EERC. Particulate was removed with a hot-gas filter vessel, and solid sorbents were 
used to remove contaminants such as sulfur, chlorine, and mercury. Both high-temperature and low-
temperature WGS catalysts were used to maximize the hydrogen content of the syngas and minimize CO 
concentration. A membrane skid was built that was capable of exposing one membrane to the full-stream 
syngas and two slipstream membranes to syngas simultaneously. Figure 1 shows the overall test system 
setup. 
3. Results and discussion  
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The syngas produced for testing ranged from about 25% to 40% hydrogen on a dry basis. The 
concentration of hydrogen was lower than desired, but this was necessary to ensure consistent operation 
of the gasifiers. CO concentration was typically 2.5% or less for the duration of the tests. H2S was 
removed from the gas stream using a two-stage sulfur sorbent system and was below 1 ppm for the test 
campaign. A chlorine guard bed was used to capture chlorine, and mercury sorbent was used to limit 
mercury exposure to the membranes. Other contaminants such as NH3, HCN, and trace metals were 
monitored throughout the test run. 
 
 
 
Fig. 1. Process flow diagram (HPFBG stands for high-pressure FBG; GC stands for gas chromatography) 
Approximately 331 hours of run time was accomplished on the gasifiers during the test campaign. 
With the simultaneous membrane skid capable of testing up to three membranes at once, an estimated 836 
membrane hours was accomplished during the program. On the FBG, 665 membrane hours were 
accomplished, and 171 membrane hours were completed on the EFG. The full-stream membrane was 
exposed to syngas for 331 hours. Slipstream Membrane 1 was exposed for 328 hours, and Slipstream 
Membrane 2 was exposed for approximately 177 hours. Table 1 summarizes each of the test runs. 
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Table 1. Hydrogen separation membrane run summary 
Run Start Date End Date 
Hours on 
Membranes Membranes Run Notes 
FBG012 12/13/2010 12/17/2010 46 Three First shakedown run 
EFG031 1/3/2011 1/4/2011 3 One Gasifier plugged 
EFG032 1/10/2011 1/13/2011 56 Three Shutdown after 3 days because of 
plug 
FBG013 1/24/2011 1/28/2011 75 Three Intermittent shutdowns 
FBG014 1/31/2011 2/4/2011 67 Two Intermittent shutdowns 
FBG015 2/14/2011 2/18/2011 84 Two Ran well 
 
The full-stream membrane had very high hydrogen purity and good flux and recovery rates through the 
first few weeks of testing. Hydrogen purity was at least 99.99% through the first few weeks, and 
hydrogen recovery rates approached 50%. Hydrogen recovery would have been improved with increased 
partial pressure differential, but only 56 psi differential was achieved during the test run. Theoretical 
calculations with Sievert’s law indicate that with a partial pressure differential of 100 psi, flux rates of 
21.4 scfh/ft2 may have been achieved. This falls well below the DOE 2010 goal of 200 scfh/ft2. The 
highest flux was achieved during the earlier runs, despite the fact that partial pressure differential was 
higher for some of the membrane test runs later in the campaign. Figure 2 shows the flux and partial 
pressure differential during the test runs. Also, a leak developed later in the test campaign that should 
have worked to increase flux for two reasons: 1) hydrogen was bypassing the membrane and penetrating 
to the permeate side through the leak and 2) the other syngas components leaking through the membrane 
acted as a sweep gas to increase partial pressure differential across the membrane. Even with the leak and 
the increased partial pressure, flux was decreased from where it was earlier in the test campaign. This 
indicates that there may have been some performance degradation because of syngas contaminants, but 
more investigation would be necessary to verify. 
 
Slipstream Membrane 1 had good purity measurements, with readings up to 99.2% pure. Apparent flux 
rates were low initially until it was determined that the gas meter used to measure permeate flow was 
oversized. A low-range flowmeter was used starting in Week 4 testing, and it was determined that flux 
rates through the membrane were significant, even though the hydrogen recovery rates were low. Figure 3 
shows the flux and partial pressure differential during the test runs. Based on the Sievert’s law 
calculation, the membrane was capable of achieving flux rates of 117 scfh/ft2. Higher rates were achieved 
during the last week of testing, but the membrane was also shown to have a small leak. It was difficult to 
determine if any performance degradation occurred for Slipstream Membrane 1 because of the small leak 
that developed later in the tests and challenging flow measurements early in the test. 
 
Slipstream Membrane 2 seemed to have very low flux rates during the initial stages of the program 
because the gas meter was not capable of measuring the permeate flow rate and hydrogen purity was low. 
Once the low-flow flowmeter was brought online, flux measurements were shown to improve, but 
maximum hydrogen purity reached was about 60%. Figure 4 shows the flux and partial pressure 
differential during the test runs. Theoretical flux rates calculated at 100 psi partial pressure differential 
were as high as 29.4 scfh, but this was also with 60% hydrogen purity. It was difficult to determine if any 
performance degradation occurred for Slipstream Membrane 2 because of the challenging flow 
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measurements for most of the testing and a leak that appeared to be present for the duration of the test 
campaign. 
 
 
Fig. 2. Hydrogen flux across the full-stream membrane during the test campaign 
 
 
Fig. 3. Hydrogen flux across Slipstream Membrane 1 during the test campaign 
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Fig. 4. Hydrogen flux across Slipstream Membrane 2 during the test campaign 
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Overall, the membranes were shown to meet some of DOE’s targets for hydrogen separation 
membrane development. Table 2 compares each of the membranes to the DOE performance goals. The 
data are based solely on the evaluations performed in this project and do not consider other testing that 
has occurred on the membrane material. All three membranes were below the 2010 target for flux rates, 
although Slipstream Membrane 1 came the closest to hitting 200 scfh/ft2. All three membranes were 
operated below the 2015 target temperature. Sulfur tolerance was not able to be specifically determined as 
part of this test campaign because sulfur was kept well below 1 ppm for the duration of the testing. 
Undoubtedly, small levels of sulfur reached the membranes, and they will be evaluated for sulfur 
poisoning in the postmortem analysis that is being conducted by the providers. Cost of the small 
separators is also not relevant to a commercial-scale operation, and cost numbers were not provided by 
the membrane producers. The membranes did not appear to provide significant WGS activity, but this 
was difficult to determine in this test program because in order to achieve the highest possible partial 
pressure differential, the syngas was shifted as far as possible before hydrogen separation. The full-stream 
membrane met the 2010 goal for differential pressure operation capability according to the specifications, 
even though it was not tested that high in this program. The others were rated far below the specification. 
The membranes all appeared to have CO tolerance, since none of them completely deactivated with 
approximately 2% CO in the syngas during the test program. The full-stream membrane met the purity 
goal of 99.99% for the DOE 2015 target. Slipstream Membrane 1 came close to the DOE 2010 goal, with 
99.2% purity. Slipstream Membrane 2 appeared to have a leak in the seal and, therefore, did not meet the 
purity goals. 
 
A modeling study was undertaken to compare membrane processes to conventional CO2 capture 
processes such as Selexol™. Aspen Plus® was used as the primary modeling tool to determine the mass 
and energy balance around the process alternatives and, ultimately, the process efficiency. It was shown 
that with advanced process schemes, an additional 33 MW of power could theoretically be recovered 
from a 500-MW power system because of increased process efficiencies. This estimate likely represents 
the theoretical maximum gain and does not take into account some of the potential losses that may be 
incurred with a commercial-scale hydrogen separation membrane system. 
 
Aspen models were constructed to compare the effects of hydrogen membrane technology on the 
efficiencies and economics of a 500-MW coal gasification power plant with carbon dioxide capture. The 
models included coal gasification, syngas cleanup, WGS, hydrogen and carbon dioxide separation, 
liquefaction of CO2 for pipeline transport, and power production via IGCC. Figure 5 shows the overall 
Aspen Plus-based model, and Figure 6 shows the hydrogen membrane separation block. Two models 
were built for comparison purposes. Both models included the same processes for coal gasification, 
syngas cleanup, and WGS. Beyond that point, the processes diverged in how hydrogen and CO2 were 
separated from the gas stream and in how power was generated via IGCC.  
 
The purpose of the modeling effort was not to simulate the entire operation of an IGCC power plant, 
although the majority of the unit operations were eventually included. Rather, those operations that would 
be impacted by the substitution of solvent-based CO2 absorption by hydrogen membrane technology were 
modeled and analyzed. Several auxiliary loads that would have had an impact on total power generation 
for the plant, such as coal preparation, warm-gas sulfur capture and disposal, plant heating and lighting, 
water cooling and recycle, and a host of other loads, were not modeled or estimated. Therefore, the power 
figures as shown in Table 3 should be analyzed on a relative, not absolute, basis. 
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Table 2. Membrane performance in this test campaign vs. DOE targets 
Performance Criteria  Units 2010 Target 2015 Target 
Full-Stream 
Membrane 
Slipstream 
Membrane 1 
Slipstream 
Membrane 2 
Flux (100 psi dP basis) ft3/(hour*ft2) 200 300 21.3a 117a 29.4a 
Temperature °F 572–1112 482–932 650b 750b 900b 
S Tolerance ppmv 20 >100 NDc ND ND 
Cost $/ft2 100 <100 ND ND ND 
WGS Activity – Yes Yes ND ND ND 
P Operating 
  Capability 
psi Up to 400 Up to 800 to 
1000 
600d 300a 200a 
Carbon Monoxide 
  Tolerance  
– Yes Yes Yesb Yesb Yesb 
Hydrogen Purity % 99.5 99.99b 99.99b 99.2a 59.7a 
Stability/Durability years 3 5 ND ND ND 
a Under DOE 2010 goal.   
b Meets DOE 2015 goal. 
c Not determined. 
d Meets DOE 2010 goal. 
 
 
Fig. 5. Macroprocess block diagram of IGCC with hydrogen membrane gas separation technology 
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Fig. 6. Aspen model of hydrogen separation membranes 
Table 3. Power generation and energy consumption by hierarchy block in MW 
Hierarchy Block Membrane Case Solvent Case 
Power 316 318 
ASU −55 −57 
CO2 Compression −4 −24 
Selexol 0 −13 
Total 257 224 
 
It should be again noted that the figures presented here do not
The air separation unit (ASU) auxiliary load for both cases was similar as well. The membrane case 
consumed two MW less than the solvent-based case, which negates the slightly extra power that was 
generated. The membrane case ASU had less load because of the differing pressures that nitrogen was 
 represent the overall efficiency of the 
IGCC process but only compare the processes of interest for the two cases. The overall efficiency of an 
IGCC process was not studied with this modeling effort. 
 
The power generation for each case was very similar. The solvent-based process generated an 
additional 2 MW of power, which was likely because of the differences in how the gas was combusted 
and expanded. The membrane case used two combustors and expanders that operated at different 
pressures, 31 and 10 atm, the purpose of which was to avoid hydrogen recompression. The membranes 
could operate more efficiently if the permeate pressure was dropped to atmospheric. However, the energy 
penalty in recompressing the hydrogen gas to 31 atm for combustion and expansion was severe enough to 
negate most of the efficiency gains. 
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compressed. A portion of the nitrogen was only pressurized up to 10 atm for the membrane case, while all 
of the nitrogen was pressurized up to 31 atm for the solvent-based case. 
 
The CO2 compression and liquefaction hierarchy block was where the membrane case significantly 
outperformed the solvent-based case. Since the CO2-rich raffinate stream from the membrane lost very 
little if any pressure through the membrane, no further gas compression was required. The gas stream was 
cooled to a sufficiently low temperature, −23° to −29°C (−10° to −20°F), to liquefy the CO 2. The 
remaining vapors were flashed and recycled, and the CO2 was pressurized by pump up to pipeline 
transport pressure. For the solvent-based case, the solvent was flashed to atmospheric pressure to desorb 
the CO2. In order to liquefy the CO2, it had to be recompressed to 25–30 atm, which required a significant 
amount of energy. 
 
The solvent absorption process itself also incurred a significant energy penalty for operation. The 
incoming gas stream had to be cooled to ambient conditions, and the recycling solvent had to be chilled 
for CO2 absorption and then reheated for desorption. In contrast, no energy was required for the hydrogen 
membrane separation process. No heating or cooling was necessary, and no moving parts were added to 
the auxiliary load. In total, substituting the solvent-based CO2 absorption operation with a hydrogen 
membrane saved 33 MW of power. 
 
4. Conclusions 
DOE lists a 5-year membrane life as the durability target for 2015. It is difficult to derive the full life 
of the membranes over the duration tested. The membrane leaks are a concern but likely easily resolved 
with additional engineering. The full-stream membrane exhibited what appeared to be a slight 
degradation in performance over the 331 hours of exposure time, although the exact degradation in 
performance was difficult to quantify fully because of the leak. More exposure time would be necessary 
to determine the full potential impact of impurities. The testing showed that the membrane could still 
produce significant flux over several hundred hours of operation using commercial or near-commercial 
technologies for warm-gas cleanup. This is a promising result as future membrane materials are 
developed. There was no conclusive reduction in flux for Slipstream Membrane 1, which is also a 
promising result. Overall, it is difficult to exactly determine the life of a membrane based on these data, 
but no significant “showstoppers” were discovered as a result of exposure to coal-derived syngas. 
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